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We present time-domain THz spectroscopy data of a thin film of the Kondo-lattice antiferromagnet
CeCu2Ge2. The low frequency complex conductivity has been obtained down to temperatures below
the onset of magnetic order. At low temperatures a narrow Drude-like peak forms, which is similar
to ones found in other heavy fermion compounds that do not exhibit magnetic order. Using this
data in conjunction with DC resistivity measurements, we obtain the frequency dependence of the
scattering rate and effective mass through an extended Drude model analysis. The zero frequency
limit of this analysis yields evidence for large mass renormalization even in the magnetic state, the
scale of which agrees closely with that obtained from thermodynamic measurements.
Kondo lattice systems in which localized f moments
hybridize with extended conduction band electrons ex-
hibit a rich variety of behavior. At high temperatures
these systems behave as an ensemble of weakly interact-
ing conduction electrons with modest masses and free f -
moments. At low temperatures, the hybridization of lo-
cal moments with the conduction electrons results in phe-
nomena such as metallic states with charge carriers whose
mass is hundreds of times the free electron mass (so called
“heavy-fermion” behavior), superconductivity, and vari-
ous interesting magnetic states [1–3]. Which physics is
expressed at low temperature is determined by a delicate
balance and competition between the Ruderman-Kittel-
Kasuya-Yosida (RKKY) type magnetic interaction and
the hybridization of the 4f or 5f electrons with delocal-
ized states [4]. Weak hybridization typically yields the
RKKY-type interaction and magnetically ordered ground
states. Strong hybridization, on the other hand, leads to
the formation of fluctuating valence states, compensation
of local moments, and heavy-electron metals. In the lim-
iting case of very strong hybridization, the delocalized
band electrons screen the localized f electrons, forming
a singlet. Kondo lattice systems typically exhibit their
heavy-electron effects below a temperature scale T ∗ at
which successive scattering from local moments starts to
be in-phase and collective effects can appear.
The competition between Kondo screening and the
RKKY interaction is exhibited dramatically in the evo-
lution of the electronic structure by Si substitution in
the CeCu2Ge2−xSix Kondo-lattice series or by the ap-
plication of pressure to the pure compound. Due to its
smaller ionic size, Si substitution can be seen as a equiv-
alent to increasing pressure. Pure CeCu2Ge2 (CCG) is a
Kondo-lattice system that exhibits an unusual tempera-
ture dependence of the resistivity caused by crystal field
splitting and magnetic interactions at low temperatures
[5–7]. An upturn of the resistivity around 25 K indicates
the increasing effect upon cooling of scattering of the
conduction electrons off the local moments. At approxi-
mately a temperature T ∗ ∼ 6 K, the resistivity reaches a
maximum, giving evidence for a low Kondo lattice tem-
perature scale, before ordering antiferromagnetically just
slightly below T ∗ at a Ne´el temperature TN = 4.15 K.
With the substitution of Si or increased pressure, the
Kondo lattice temperature scale increases at the expense
of the RKKY scale and the magnetic state is eventu-
ally suppressed [8, 9]. At stoichiometries approaching
x = 2 or pressures above 70 kbar the Kondo physics
dominates dramatically with the emergence of supercon-
ductivity out of a heavy electron state [8, 9]. A regime
of superconductivity mediated by magnetic fluctuations
may give over at even higher pressures to a regime me-
diated by valence fluctuations.
In the pure CCG compound, the energy scales of the
RKKY and the Kondo-type interactions are of the same
order of magnitude [6] as demonstrated by the fact that
the Kondo temperature only slightly exceeds TN . In the
antiferromagnetic state the moments are partially Kondo
compensated from 1.5 to 0.7 µB . The local moment anti-
ferromagnetic order is sinusoidally modulated and incom-
mensurate with a wavevector ~q ≈ (0.284, 0.284, 0.543)
[6, 10]. Although many aspects of the physics fit the
conventional model of RKKY and Kondo screening com-
petition, there are a number of outstanding issues. The
large linear term of the electronic specific heat at temper-
atures well below the magnetic transition suggests that
long-range magnetic order may coexist with a coherent
heavy-fermion state [11]. This is in contrast to the con-
ventional view that the occurrence of the magnetic state
should suppress the Kondo effect [4]. The low tempera-
ture electronic specific heat coefficient in CCG, γe, in the
magnetic state is reported to be about 100 mJ/K2 mol,
which indicates effective masses of about 50-100 times
the free electron value [11].
In this work we use time-domain THz spectroscopy
(TDTS) to study the low frequency complex conductiv-
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FIG. 1: Resistivity as a function of temperature for CCG film.
Around 110K there is a broad peak corresponding to crystal
field splitting; at 5.5K there is a sharp peak attributed to the
Kondo lattice coherence temperature, T ∗; a sharp cusp is seen
near 4K signaling the onset of antiferromagnetic order.
ity of thin films of CCG. As in other recent papers [12–
15] that measure low frequency conductivity in heavy
fermion compounds, we find evidence of mass enhance-
ment through a dynamic measurement. At temperatures
well above the onset of magnetic order and the coher-
ence temperature, the Drude conductivity is broad and
featureless, which is consistent with the strong scatter-
ing in the normal state. At low temperatures a narrow
Drude-like peak develops at ω = 0. An extended Drude
model analysis reveals that this can be connected to a
strongly temperature and frequency dependent renormal-
ization of the mass and scattering rate that develops at
low temperature. This mass renormalization in the low
frequency and temperature limit is of order 50-100 times
the band mass mb, which is consistent with the enhance-
ment inferred from specific heat measurements [11]. In-
terestingly, these mass enhancements are found at tem-
peratures below TN demonstrating that the development
of magnetism does not quench the Kondo interaction.
In the technique of TDTS an infrared femtosecond
laser pulse is split between two paths and excites a pair
of “Auston” switch photoconductive antennae; one acts
as an emitter and the other as a receiver. When the
laser pulse hits the voltage biased emitter a broadband
THz pulse is produced and collimated by mirrors and
lenses and passes through the sample. The THz pulse
then falls on the receiving Auston switch. Current only
flows across the receiver switch at the instant the other
short femtosecond pulse impinges on it. By varying the
difference in path length between the two pulses, the en-
tire electric field of the transmitted pulse can be mapped
out as a function of time. By dividing the Fourier trans-
form of transmission through the sample by the Fourier
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FIG. 2: (Color Online) a-f) Real and imaginary parts of the
complex conductivity as a function of frequency for six tem-
peratures in the frequency range of 0-1 THz. Solid lines indi-
cate experimental data, while dashed lines show results of a
fit described in the text. The values of the DC conductivity
are also shown as a solid circle.
transform of transmission through a reference substrate,
one obtains the full complex transmission T (ω) over a
frequency range that can be as broad as 100 GHz -
3.5 THz. The complex transmission is then used to
calculate the complex conductivity σ without the need
of Kramers-Kronig transformation using the expression
T (ω) = 1+n1+n+σdZ0 . Here n is the index of refraction of the
substrate, d is the film thickness, and Z0 is the impedance
of free space (377 Ohms). The films studied in this work
were grown by molecular beam epitaxy (MBE) using flux
matched codeposition of the constituent atoms on MgO
substrates. In- situ RHEED and ex-situ AFM and XRD
were used post-growth to characterize the films. Details
of the growth have been reported elsewhere [7].
In Fig. 1 we show DC resistivity data as a function of
temperature of the film studied in this work. As demon-
strated previously, transport measurements of the films
find quantitative agreement with the temperature scales
found in bulk single crystals [7]. A number of prominent
features can be noted. The broad peak at 110K has been
attributed to crystal field splitting. The peak at 5.5 K has
been attributed to the Kondo lattice coherence tempera-
ture, T ∗, below which heavy quasi-particles are believed
to form. At slightly lower temperatures (4K), the anti-
ferromagnetic transition occurs and the resistivity drops
rapidly.
In Fig. 2a-f we show the real and imaginary parts of the
complex conductivity σ(ω) for six different temperatures
as a function of frequency. Experimental data is shown
from 150 GHz to 1 THz. The comparatively reduced
spectral range comes from the relative high conductivity
of these films and consequent reduction in transmission.
3The corresponding conductivities at zero frequency (from
the DC resistance data) for each temperature are also
shown. At high temperatures the conductivity curves
are broad and featureless reflecting the strong scatter-
ing of charge at temperatures well above T ∗. As ex-
pected from the resistivity data, as the temperature is
lowered the low-frequency conductivity becomes strongly
temperature dependent. Using a combination of THz
spectroscopy and DC transport, one can see that at tem-
peratures much lower than T ∗ and TN an enhancement of
the lowest frequency spectral weight occurs. This is con-
sistent with the appearance of a very narrow Drude-like
peak in the low frequency conductivity. This peak, which
becomes especially pronounced at temperatures below
2.5K, is associated with the formation of a heavy fermion
state. Within the context of the Drude model, the imag-
inary part of the conductivity will be greatly suppressed
at low frequency when the narrow ω = 0 peak forms.
In contrast, at temperatures well above T ∗ and TN , the
imaginary part of the complex conductivity is flat and
small in comparison to the real part.
Using the DC data, the low temperature THz conduc-
tivity can be roughly fit to a Drude model using two
zero-frequency oscillators and a high frequency dielectric
constant ∞, which accounts for high frequency contribu-
tions outside of the measured spectral range [16]. These
fits are highly constrained by the use of both THz and
DC data. Fits for both the real and imaginary parts of
the complex conductivity are shown as dashed lines in
Fig. 2. The model shows that two Drude peaks are suf-
ficient to fit the data: one that is large and broader than
the experimental spectral range, the other narrower that
accounts for the heavy fermion renormalizations at low
T. Overall the model is a reasonable parametrization of
the measured spectra. An assumption of this fitting is
that there are no peaked spectral features in σ1 between
the lower end of our spectral range and DC [13, 14]. A
posteriori motivation for this assumption can be found in
the fact that effective masses we extract from the analysis
below are in close agreement with those found via ther-
modynamic measurements. Additional motivation comes
from the behavior of the frequency dependent scattering
rate discussed below.
An extended Drude model analysis [17] can be used
to characterize the data further. In this formalism, a
frequency dependent mass m∗(ω)/mb and scattering rate
1/τ(ω) are extracted from the measured optical constants
by the relations
m∗(ω)
mb
= − ω
2
p
4piω
Im
[
1
σ(ω)
]
(1)
1
τ(ω)
=
ω2p
4pi
Re
[
1
σ(ω)
]
(2)
where ωp is the plasma frequency that parametrizes the
total Drude spectral weight (proportional to ω2p) at high
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FIG. 3: (Color Online) a) The renormalized mass as a func-
tion of frequency derived from the extended Drude model for
three temperatures. Solid lines indicate experimental data
with dashed lines showing results of a fit described in the
text. b) Renormalized mass at zero frequency as a function
of temperature based on the zero frequency extrapolation of
the extended Drude model fits. Note the log scale on tem-
perature axis. c) Scattering rate as a function of frequency
with numerical fits shown in dashed lines for three tempera-
tures. d) Scattering rate at zero frequency as a function of
temperature. The error bars indicate uncertainty, which is
primarily due to the ambiguity in determining ω2p from FTS
measurements.
temperature, and mb is the band mass. We performed
Fourier transform infrared spectroscopy (FTS) in a trans-
mission geometry up to 7000 cm−1 at room temperature
that allows us to extract the full plasma frequency of the
Drude term ωp = 2pi ·42600 cm−1 through Drude/Drude-
Lorentz model fits.
In Fig. 3a we show the renormalized mass as a func-
tion of frequency between 150GHz and 1 THz for three
temperatures using the expressions Eq. 1 and 2. At
high temperatures, both the mass and scattering rate are
nearly frequency independent as expected for a broad fea-
tureless conductivity. For temperatures below the range
of T ∗ and TN , a strong temperature and frequency de-
pendent mass enhancement is observed below 300 GHz.
This suggests the presence of heavy quasiparticles at low
temperatures and frequencies. Likewise, Fig. 3c shows
the frequency dependence of the scattering rate for the
same three temperatures. As the temperature decreases
below T ∗ and TN , the scattering rate is suppressed at low
frequency. Its monotonic behavior as a function of fre-
quency gives further indication that the lower edge of our
THz spectral range really does correspond to a Drude-
like spectral feature peaked at ω = 0 and that our Drude
model fits discussed above are reasonable. The extended
Drude model applied to finite frequency absorptions fre-
quently gives unphysical behavior of the scattering rate
4with finite frequency peaks [18].
Well above T ∗, the scattering rate shows no strong
temperature or frequency dependence. Extrapolations
toward zero frequency using the extended Drude model
inversion of the Drude model fits from Fig. 2 are also
shown as dashed lines. Recall that these fits are strongly
constrained by both the DC and THz data. The extrap-
olated values of m∗(ω)/mb and 1/τ(ω) as ω → 0 from
these fits are displayed in Fig. 3b, d. As expected at
temperatures well above T ∗ both the renormalized mass
and scattering rate show little temperature dependence.
Starting near the temperatures of T ∗ and TN the effective
mass begins to show notable enhancement and continues
to increase until it reaches a value of approximately 80
times the band mass at the lowest temperature. This
mass enhancement is accompanied by a drop in the scat-
tering rate, effective at the same temperature. The scat-
tering rate at the lowest temperatures is nearly a third of
its value at room temperature. Note also, that the mass
enhancement is very similar to the scale inferred from
specific heat measurements [11].
In keeping with the usual heavy fermion phenomenol-
ogy [19], despite the huge renormalization of m∗, the
ω → 0 limit of the conductivity only suffers modest ef-
fects (approximately a factor of 2 reduction in the exper-
imental range). This is because the effective scattering
rate 1/τ∗ that enters the DC conductivity σDC = Ne
2τ∗
m∗
is related to the ω → 0 scattering rate of Eq. 2 by the
relation 1/τ∗ = 1/τ mbm∗ and hence includes both lifetime
and mass renormalization effects. The two factors of m∗
cancel leaving σDC essentially unaffected by the mass
enhancement. In the present case the changes that do
exist are presumably due to the development of the spin-
density wave state and the reduction of the phase space
for scattering that results from it.
In summary, we have applied timed-domain THz
spectroscopy to the Kondo-lattice antiferromagnet
CeCu2Ge2. At temperatures of order the magnetic tran-
sition temperature a substantial enhancement in the low
frequency conductivity is found. Within an extended
Drude-model analysis, this enhancement can be inter-
preted as a strongly frequency dependent mass and scat-
tering rate, where the mass is enhanced and scattering
rate suppressed at low frequency. In the low frequency
limit, this mass has a value very close to that inferred
from thermodynamic measurements. The agreement be-
tween parameter values derived in dynamic and thermo-
dynamic experiments is a beautiful confirmation of the
quasiparticle concept as applied to these material sys-
tems. Due to their close proximity in temperature, it
is unclear from our measurements (and others) whether
the onset of the mass enhancement in this system should
be more closely identified with TN or T
∗. Irrespective
of this, it is clear that the enhancements to m∗ are oc-
curring most strongly below 3K, which is well into the
antiferromagnetic state. Although the conventional wis-
dom is that the heavy mass state should develop at T ∗,
we point out that changes in the temperature dependence
of m∗ may even be expected at TN as the Kondo interac-
tion will be altered when the spectrum of local moment
fluctuations changes with the occurrence of the ordered
magnetic state and the formation of spin-waves.
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